INTRODUCTION
Considerable progress has been made in elucidating the structure and mechanism of catalysis of the ubiquitous H + -translocating F " F ! -ATPase. In mitochondria, chloroplasts and eubacteria, the enzyme consists of a transmembrane proton-transporting domain, F ! , and a catalytic domain bound at the membrane surface, termed F " . The composition of this water-soluble domain is α $ β $ γδε [1, 2] . The structure of F " from bovine mitochondria has been solved at the atomic level by X-ray crystallography [3, 4] , and remarkable progress has been made in understanding the mechanism of ATP synthesis by a binding-change mechanism involving rotary catalysis [5] [6] [7] . The isolated F " hydrolyses ATP and induces γ subunit rotation within a hexameric ring of α $ β $ subunits, with rotation driven by conformational changes in the catalytic subunits [8] . γ subunit rotation in F " should be transmitted to the membrane sector, F ! , in order to couple the ATP hydrolysis-dependent proton transport by the F " -F ! complex. The detailed mechanism underlying the energy transmission between the γ subunit and F ! remains unknown, although it has been suggested that γ and ε subunits (Escherichia coli nomenclature) are involved, since the two subunits may interact with residues in loop regions of the c-ring belonging to F ! [4] . In eukaryotes, the hydrolytic activity of the enzyme is regulated by a natural inhibitor protein, IF " , an 84-residue protein in bovine mitochondria, which is believed to bind and inhibit the enzyme when the pH inside the mitochondria falls [9, 10] . IF " , and synthetic fragments of it, bind strongly to the ATP synthase with a 1 : 1 stoichiometry, and more loosely to isolated F " [11] [12] [13] .
Abbreviations used : CPM, 7-diethylamino-3-(4h-maleimidylphenyl)-4-methylcoumarin ; γ-Cys 78 , Cys 78 of the γ subunit ; CPM-F 1 , CPM covalently bound to the γ-Cys 78 of F 1 ; IF 1 , natural inhibitor protein of the mitochondrial F 1 F 0 -ATPase ; PM, N-(1-pyrenyl)maleimide ; RET, resonance energy transfer. 1 To whom correspondence should be addressed (e-mail gsolaini!sssup.it).
respectively. The distance at which the efficiency of energy transfer was 50 %, R ! , for the CPM and PM donor\acceptor pair was 4.1 nm, indicating that the three IF " fragments must be within 6.7 nm of γ-Cys(). RET from the PM-bound hydrophilic fragment of c subunit (residues 37-42) of the F " F ! -ATPase complex and CPM-bound γ-Cys() occurred with an efficiency of approx. 30 %, indicating a distance of 4.7 nm between the two fluorophores. Based on previous observations and on the present RET measurements, the hydrophilic loop of c subunit was located at the base of the F " foot, and the N-terminal region of IF " was located on the surface of F " in the lower part of the α $ β $ hexamer ring.
Very few experimental reports are available as to the location and mode of binding of IF " to F " . Certainly, crystallographic studies of the IF " -F " complex could provide important details, but the complex has not been crystallized as yet, and these studies are difficult to perform over a broad range of experimental conditions. Furthermore, the process of crystallization selects typically only one family of closely related conformers from a potentially diverse population of conformers in solution. Hence, to complement possible X-ray diffraction studies and to provide information regarding F " and F " -IF " complex conformers, the introduction of a fluorescent probe into the domain of the γ subunit that protrudes out of the α $ β $ hexagonal ring may be of significant help. Moreover, subtle structural changes and dynamic features of both the catalytic mechanism and its regulation may be achieved.
Bovine heart mitochondrial F " -ATPase contains a total of eight half-cystines [2] located at positions 201 and 254 in each α subunit, 78 in the γ subunit and 18 in the ε subunit [2] . The cysteine residue of the γ subunit (γ-Cys()), located at the interface with the catalytic β subunit and in proximity with the small δ and ε subunits [4, 14] , is an attractive target for being loaded with a reporting probe of F " . 7-Diethylamino-3-(4h-maleimidylphenyl)-4-methylcoumarin (CPM) is a fluorescent probe, which can be used as a valid candidate to modify F " SH groups. Furthermore, it can be used as a fluorescent acceptor in fluorescence resonance energy transfer (RET) measurements in which a pyrene derivative, N-(1-pyrenyl)-maleimide (PM), associated with the enzyme in critical positions, acts as the fluorescence donor. The CPM moiety serves as a point of reference enabling the site of the relative PM-modified residues to be determined.
In the present study, we explore the reactivity of CPM with the bovine F " complex, describe the method used to selectively label γ-Cys() and examine the kinetic and stability properties of the modified enzyme. Moreover, we report results of fluorescence RET experiments between γ-Cys()-bound CPM and a variety of PM-labelled peptides chosen among fragments of physiologically relevant ligands (IF " and c subunit) of the mitochondrial F " complex.
EXPERIMENTAL Materials
The fluorescent thiol reagents CPM and PM were purchased from Molecular Probes (Eugene, OR, U.S.A.). Peptides corresponding to proposed binding domains of both bovine IF " [12, 15, 16] and the c subunit [17, 18] were designated as I m -n and c m -n , where m and n are the initial and final residue numbers in the sequence of intact mature bovine IF " and c subunit respectively ( 
Enzyme preparation
Bovine heart submitochondrial particles, prepared as described previously [19] , were suspended in 10 mM Tris\HCl (pH 9.2) containing 0.25 M sucrose, 4 mM ATP and 1 mM EDTA, and were incubated at a protein concentration of 30 mg\ml for 8 h at 20 mC. The pH was then adjusted to 8.0 with 1 M HCl and crude F " -ATPase was released from the particles by chloroform treatment as described by Beechey et al. [20] . The aqueous phase was centrifuged at 105 000 g for 30 min at 20 mC and the resulting supernatant was precipitated by adding a 60 %-satd. (NH % ) # SO % solution. After incubation for 10 min, the precipitates was centrifuged at 25 000 g for 15 min, and the pelleted enzyme was dissolved in 50 mM Tris\HCl (pH 8) containing 1 mM EDTA and 1 mM ATP. Further purification was achieved by two chromatography steps : 1) gel-filtration on Sephacryl S-300 (40 cmi1.6 cm) using the above Tris buffer for elution ; and 2) affinity chromatography on Blue Sepharose CL-6B (4 cmi1 cm) equilibrated with 20 mM Tris\HCl (pH 8) containing 0.2 mM NaCl, 0.5 mM EDTA, l mM 2-mercaptoethanol and l mM ATP to remove minor contaminants from the F " preparation [2] . Finally, the enzyme solution was stored at 5 mC as a suspension in 60 %-satd. (NH % ) # SO % containing 4 mM ATP (pH 8). Under this condition, the activity was stable for several weeks.
Chemical modification of F 1
A stock solution of CPM (2.5 mM) was prepared daily by reconstituting the compound in acetonitrile. The labelling of F " cysteine residues was carried out essentially as described by Gabellieri et al. [14] , but with slight modification. Briefly, the enzyme (1-6 µM) was incubated with a 5-fold excess of CPM in labelling buffer [20 mM Mops (pH 7)] in the dark for 1 h at 20 mC. Selective modification of the γ-Cys() on F " was achieved by preincubating the enzyme with 1 mM sodium arsenite at pH 8.8 as described previously [21] . Subsequently, after removing the excess sodium arsenite by adding a 60 %-satd. (NH % ) # SO % solution, the enzyme was dissolved in the labelling buffer and the reaction with CPM was carried out as above. The unreactive probe was separated from the chemically modified protein by filtration and centrifugation through a Sephadex G-50 column equilibrated with labelling buffer. The CPM concentration of covalently bound reagent was estimated spectrophotometrically at 387 nm (ε l 30.2 mM −" :cm −" ) [14] .
Chemical modification of inhibitor and c subunit peptide fragments
A stock solution of PM (10 mM) was prepared daily by reconstituting the compound in dimethylformamide. PM derivatives of the peptide fragments were prepared by incubating each peptide (200 µM) in the presence of a 5-fold excess of PM in 50 mM Mops (pH 6.7) containing 1 mM MgCl # overnight in the dark at 25 mC. Unreacted probe was removed by extraction with chloroform. The truncated IF " fragments (and the c subunit fragment) used did not aggregate, as determined by light scattering measurements (results not shown).
Steady-state fluorescence measurements
Fluorescence data were collected using a luminescence spectrometer LS50B (PerkinElmer). Emission spectra were recorded from 440-490 and 350-400 nm upon excitation at 390 and 342 nm for CPM and PM respectively.
For energy transfer studies, 1-3 µM CPM-F " and variable amounts of labelled peptides (up to a 1 : 5 molar ratio) were mixed in 150 µl of a buffer containing 50 mM Mops, 1 mM ATP and 2 mM MgCl # at either pH 6.7 or pH 7.5 for the inhibitor and c subunit fragments respectively. After incubation for 5 min in the dark at 20 mC, 100 µl of the mixture was applied on to a Sephadex G-25 centrifuge column to separate excess peptide. The eluted solution was used directly in fluorescence measurements and subsequent determination of the protein concentration. Separation of excess PM-bound peptides could be omitted provided that careful subtraction of the contribution of excess PM fluorescence to CPM fluorescence (475 nm) was performed.
Energy-transfer efficiencies (E T ) were measured by comparing the fluorescence intensities of F " -bound CPM after the binding of donor-labelled peptides. Transferred fluorescence was evaluated as a function of mol peptide\mol F " and extrapolated to 1 mol\mol as described previously [14, 22] in order to obtain maximal energy transfer, which was then used to calculate the distance, r, between donor and acceptor. As described by Forster [23] :
where R ! is the distance for 50 % energy transfer, which is evaluated to be 4.1 nm for the couple CPM\PM from absorption and corrected emission spectra of the protein-bound fluorophore, as described previously [14] . Structural analysis of the F 1 -IF 1 complex
Enzyme activity
ATPase activity was determined with an ATP-regenerating system by following the decrease of NADH absorption at 340 nm in a Lambda 6 spectrophotometer (PerkinElmer) as previously reported [24] . Inhibition of IF " fragments was assayed as described by Solaini et al. [25] . Protein concentration was determined by the method of Lowry et al. [26] using BSA as a standard.
Electrophoresis analysis
SDS\PAGE on a 14 % (w\v) polyacrylamide gel was carried out using a Bio-Rad Mini-Protean dual slab cell as described by Laemmli [27] . Proteins were detected by silver staining. Densitometric analysis was performed by scanning the gels and analysing the density pattern with gel software (Sigma).
RESULTS

Reactivity of F 1 with CPM
The F " preparations used in this study had a specific activity of 50-70 µmol of ATP hydrolysed\min per mg of protein at 20 mC, and were free of IF " . The enzyme showed the typical pattern of five bands after SDS\PAGE separation of the subunits followed by silver staining (Figure 1, lanes a-c) .
The labelling of F " (0.37-1 mg\ml) with 5-12 µM CPM at pH 7 was relatively rapid over the first 10 min, and became gradually slower thereafter (Figure 2) . Samples of the incubation mixture obtained at different times indicated that the probe was incorporated into two subunits, as revealed by the exposure of the modified enzyme to UV light following SDS\PAGE of the subunits under denaturing conditions ( Figure 1, lanes d and e) . The fluorescent bands corresponded to the α and γ subunits. Since both γ-Cys() and the reactive cysteine residue of the α subunit are accessible to the reagent, the residues are likely to be found in an aqueous environment that can be reached from the surface of the protein. Moreover, the ε subunit band was not fluorescent when excited to induce coumarin fluorescence The reaction was initiated by adding 3 µM CPM to 1 µM F 1 in 20 mM Mops (pH 7). At the times indicated, 50 µl aliquots were diluted into 120 µl of 20 mM Mops (pH 7) and the sample passed through a 1 cmi6 cm Sephadex G-50 column to remove unbound CPM. The fluorescence of bound CPM was measured at 475 nm with excitation at 387 nm.
emission, indicating that the ε-Cys residue had not reacted with the coumarin maleimide. The lack of reactivity of the ε-SH was expected, since a previous study on ε subunit conformation [25] , performed on the basis of analysis of intrinsic tryptophan phosphorescence, indicated that the N-terminal segment of the subunit, where the cysteine residue is present, is located in a hydrophobic environment within a tight, rigid core of the protein structure.
An estimation of the binding stoichiometry of CPM to F " was obtained by exploiting the fluorescence of CPM at 475 nm (λ ex l 387 nm) upon the binding to F " ; unbound CPM has no appreciable fluorescence. Figure 3(a) shows that, at concentrations of CPM below that of F " (1 µM), the titration curve is linear, suggesting that all the CPM added was bound to the enzyme. A plateau was reached at approx. 4 µM CPM. An extrapolation of the linear portion of the titration curve (at low CPM concentrations) intersected an extrapolation of the plateau value at a CPM : F " molar ratio of approx. 2, indicating that there are two binding sites on F " for CPM under the above conditions. We also observed that incubation of the enzyme with the reagent in the presence of the substrates ATP or ADP (Mg# + present) induced a slightly decreased fluorescence of both α and γ subunits, demonstrating that saturation of the nucleotide-binding sites of the enzyme results in hindered exposure of the α-and γ-SH groups to the external medium (results not shown).
Specific labelling of the subunit γ-SH with CPM
Since the α-and γ-SH groups had similar reactivities towards CPM, in order to selectively modify the γ-SH group of F " we induced the formation of a bridge between cysteine residues in the α subunit by preincubating the enzyme with arsenite, which reacts with vicinal thiols forming a dithioarsenite [21] , followed by the reaction with the coumarin derivative. SDS\PAGE of the modified enzyme revealed a single fluorescent band corresponding to the γ subunit (Figure 1, lanes f and g) .
The titration curve (Figure 3b ) obtained by monitoring the fluorescence enhancement of CPM when it was added to the arsenite-treated F " shows a 1 : 1 molar ratio of CPM : F " , indicating that arsenite pretreatment reduced the number of CPM-binding sites on the enzyme to only one. This binding 
Table 2 Time-dependent ATPase activity of CPM-labelled and unlabelled F 1
The enzyme (2 mg/ml) was incubated at 20 mC in 10 mM Tris/HCl (pH 7.5), 0.25 M sucrose and 1 mM EDTA and, at the indicated times, samples were withdrawn and tested for ATPase activity under steady-state conditions by adding 4 mM Mg-ATP to the reaction mixture. stoichiometry was confirmed by comparing the protein concentration with that of bound CPM, as evaluated spectrophotometrically at 387 nm (ε mM l 30.2) after the removal of excess reagent. According to the crystal structure of F " [3] , γ-Cys() is located in a small α-helix segment interacting with the β TP subunit. The β\γ interaction appears to be critical for enzyme catalysis, whereas the α subunit cysteine residues are located in protein domains of structural importance, but not thought to be involved in catalysis. Therefore it could be expected that modification of the γ-SH group would affect enzyme activity. Functional investi-
Figure 4 Spectral overlap between CPM and PM
The emission spectrum of PM bound to the I 10-40 inhibitor segment is shown as a solid line. Acceptor absorption spectrum of CPM-labelled F 1 is shown as a broken line. In order to visualize the spectral overlap, the fluorescence spectrum has been normalized to fit the absorption spectrum magnitude and the overlap integral, and the resulting R 0 distance has been obtained as in [14] . Almost identical emission spectra for the other PM-bound protein fragments were recorded (results not shown).
gation of the CPM-F " complex showed that neither the reaction of the reagent with both α and γ subunits nor with γ-SH groups alone resulted in changes in the kinetic parameters. In a typical observation the following parameters were found : a K m of 250 µM for both the modified and unmodified enzyme ; and a V max of approx. 60 µmol\min per mg of protein (k cat l 371 s −" ) for the untreated enzyme and 55 µmol per min\mg (k cat l 340 s −" ) for the CPM-F " complex. The stability of the CPM-F " complex was also similar to that of the native enzyme. Table 2 shows the time-dependent ATPase activity of both the untreated and γ Cys-modified enzyme at 20 mC. Full catalytic efficiency was preserved for approx. 2 h ; afterwards, a significant time-dependent decay in activity occurred, but it did not exceed 15 % after 6 h for both enzyme preparations. However, it has to be noted that, whereas the native enzyme can be stored as an ammonium sulphate precipitate, the modified enzyme quickly looses activity in the precipitate, suggesting that the bulky and relatively hydrophobic coumarin derivative might irreversibly bind to amino acid residues upon exposure to high-ionic-strength media where hydrophobic interactions are favoured.
Fluorescence RET between γ subunit-bound CPM and PM-labelled inhibitor peptides bound to F 1
The very high specificity for cysteine residues and the spectral properties of pyrene make it a useful probe for fluorescence RET measurements. The emission spectrum of PM overlaps the absorption spectrum of CPM, resulting in a donor-acceptor pair having an R ! of 4.1 nm (Figure 4) . Because of these features, if PM is in proximity to CPM, RET is possible from PM to CPM, causing a quenching of PM fluorescence and an enhancement of CPM fluorescence. Several potential ligands of F " were used to carry the PM fluorophore in critical positions on the F " surface.
) with PM at their terminal cysteine residues (Table 1) was carried out overnight at pH 6.7 to favour the reaction of maleimide with the SH groups. Excess reagent was removed to avoid its possible reaction with nucleophilic groups of F " . Virtually all of the peptide molecules were completely labelled with PM by this procedure.
The PM-labelled peptides were assayed for inhibition of F " . Only PM-I "! -%! reduced the ATPase activity to 80 % of the 
Figure 5 Titration of coumarin-labelled F 1 with the PM-labelled I 10-40 inhibitor segment
Fluorescence of CPM-F 1 (λ ex l 342 nm) was measured in different samples with increasing molar ratio of PM-labelled inhibitor fragment over CPM-F 1 . Unlabelled F 1 and isolated PM peptide contributions were subtracted. The numbers in the spectra indicate the molar ratio of PM-I 10-40 to F 1 (1 µM).
control, whereas none of the other peptides significantly inhibited the enzyme (Table 3) . Upon incubation of the peptides with CPM-bound F " , fluorescence intensity (λ ex l 342 nm) of PM associated with both I "! -%! and I %# -%( decreased (results not shown). In parallel,
Table 4 CPM-F 1 fluorescence enhancement by bound PM-peptides
In typical experiments, CPM-F 1 was 1 µM in 50 mM Mops (pH 6.7) and 2 mM MgCl 2 . Phe 342 (F 342 ) and Phe 387 (F 387 ) are the coumarin fluorescence intensities (λ em l 475 nm) of CPM-F 1 /PMpeptides obtained using λ ex l 342 and 387 nm respectively. Unlabelled F 1 and isolated PM-peptide contributions were subtracted. F 0 342 and F 0 387 are the fluorescence intensities of isolated CPM-F 1 with unlabelled F 1 subtracted. Results are expressed as the ratios of the fluorescence intensities obtained.
[PM-I 10- transferred fluorescence due to sensitized CPM was observed. Figure 5 shows the emission spectra (λ ex l 342 nm) of CPM-F " when the enzyme was exposed to increasing PM-I "! -%! concentrations.
A concentration-dependent study of the efficiency of energy transfer was quantified (Table 4) . With PM-I "! -%! , a maximal efficiency of 20 % was observed at 9 µM, whereas with PM-I %# -%( a maximal efficiency of 21 % was found at 10 µM. The distance between CPM-bound γ-Cys() and PM bound to the inhibitor segments was measured at peptide concentrations inducing maximal efficiency. The results are shown in Table 3 . The r values were calculated as 5.1 and 5.2 nm for the I "! -%! and I %# -%( peptides respectively. I %# -&) showed a very low RET with a maximal efficiency of 3 % and an r of 6.7 nm.
When the same experiments were performed with PM bound to I "" -"* , I "$ -"* or I "! -#( as the fluorescence donor, no energy transfer was observed. This was due to the lack of binding between the inhibitor segments and F " under the conditions used (results not shown). However, one cannot exclude that, at higher concentrations, the fragments could bind to F " , but at higher concentrations used in the fluorescence RET experiments, values could not be reliably interpreted.
Fluorescence RET between the γ subunit-bound CPM and PMlabelled c subunit polar loop bound to F 1
The electron density map of crystals of the yeast F " -c "! complex has recently been reported [28] . In this immobilized system, the polar loop of six or seven c subunits of F ! interact with δ and γ subunits of F " , lying at distances of approx. 5 nm from the base of the α $ β $ hexagonal ring. To determine the distance between the F " -bound polar loop region of c subunits with respect to γ-Cys() of F " in solution, fluorescence RET was used. The addition of increasing amounts of PM-labelled c subunit segments to CPM-F " revealed increased fluorescence upon excitation at 342 nm originating from F " -bound CPM (Table 4) . A maximum of fluorescence intensity was achieved at approx. 8 µM PMpeptide added, and the best fitting (R# l 0.993) of the data was obtained by an hyperbola (results not shown). This provides strong evidence for energy transfer between a donor-acceptor couple, from which a donor-acceptor separation was calculated as 4.7 nm.
It should be noted that all of the PM-peptides bound to F " gave distances close to R ! , where errors in E T led to small errors in distance.
DISCUSSION
Important structural information on the mitochondrial F " F ! -ATPase, necessary to fully understand the subtle functional mechanism of coupling F " to F ! and the regulation of enzyme activity, are still elusive. Among these, the exact location of the proteins bound to F " under physiological conditions, including IF " and c subunit, are of primary interest. By means of fluorescence RET using CPM as a reference group bound to a well defined and critical position of the γ subunit, γ-Cys(), its distance from the fluorophore PM, bound to both IF " fragments and the hydrophilic loop of c subunit, has been calculated.
Arrangement of the subunits in mitochondrial F " is derived from X-ray crystallography data [3] . The structure of the F " -IF " complex can be inferred from results of cross-linking reactions and topological considerations on the basis of both prediction and functional studies [9, 29, 30] . Recent X-ray diffraction studies [3, 4] revealed the whole structure of the bovine mitochondrial F " , as shown schematically in Figure 6 . The γ Figure 6 Three-dimensional structure of bovine mitochondrial F 1 -ATPase
The α, β, γ, δ and ε subunits are yellow, blue, green, orange and black respectively. Part of the c subunit is indicated in blue at the bottom of the Figure. subunit forms a left-handed coiled-coil which runs along the axis of pseudosymmetry of the α $ β $ subcomplex, protruding from it by about 5 nm and, in association with both the δ and ε subunits, forms the central stalk connecting F " to the membrane bound sector F ! . Each α subunit contains two vicinal SH groups (Cys#!" and Cys#&%), and the γ subunit has an SH group in the short inclined helix of the polypeptide. The eighth cysteine residue is at position 18 of the ε subunit.
In the first result of the present study, we found that, among the eight SH groups, only two are accessible to CPM : one in the α subunit and the other in the γ subunit. Most importantly, we found that pretreatment of the protein with arsenite induced the modification of the only γ subunit SH group (Figure 1) .
The presence of energy transfer between CPM bound to γ-Cys() and PM bound to c-Cys%$ demonstrates directly the interaction of the hydrophilic loop region of the c subunit with F " . It shows that in solution the mitochondrial F " -ATPase complex binds to the polar loop of the F ! c subunit at a distance of 4.7 nm from γ-Cys(), thus at the base of the foot of F " comprising part of the γ, δ and ε subunits ( Figure 6 ). Under our experimental conditions, only one c loop bound F " , but it is believed that several c subunits interact with the F " δ and γ subunits in the complete F " F ! -ATPase complex [28] . In our model, the c subunit polar loop has been located in contact with the δ subunit ; more precisely, δ-Glu"$* has tentatively been suggested to associate with c-Arg$), as the two amino acids could form a polar interaction. However, other locations on the surface of the δ or γ subunits, at approx. 4.7 nm from CPM at the foot of F " , could be possible. Our findings are in general agreement with data from X-ray crystallographic studies on the F " -c "! subcomplex of yeast F " F ! -ATPase [28] , indicating that mitochondrial F " in its active form in solution has the foot at a similar distance from the α $ β $ domain as that found in crystals. The γ-Cys()-bound fluorescent coumarin could also be used to gather information on the location of regions of IF " when bound to F " at acidic pH. Our RET studies, combined with previous studies of cross-linking between IF " and F " by Jackson and Harris [31] , have provided the model of the I "! -&* -F " complex as shown in Figure 6 . The model locates the positively charged residues Lys#%, Arg#& and Gln#( of IF " on the surface of F " in close proximity with the negative microenvironment of the DELSEED region (residues 394-400 ; single amino acid code) of the β E subunit, and extends the helical segment of IF " outward from the γ subunit. This results in the amino acid residues at positions 41 and 48 of IF " being a distance of 5.1 and 5.2 nm respectively from γ-Cys(). Other models are unlikely. Orientation of the IF " helix in directions other than that chosen would result in both Cys%" and Cys%) of IF " being much closer to γ-Cys() than the 5.1 and 5.2 nm distances measured. Moreover, of the three β subunits, only the binding of IF1 to β E is consistent with the distances found in our experiments between the Cα of γ-Cys() and Cα of β subunits Asp$*%. Indeed, from the X-ray structure of F " , the distances between γ-Cys() Cα and of β E , β DP and β TP Asp$*% Cα are 2.8, 1.3, and 1.1 nm respectively. Since the helical segment of IF " extends nearly 2.8 nm (Lys#% Cα to Cys%" Cα) along the helical axis, the Cα of the IF " Cys%" bound to β E , β DP , and β TP would give a separation of 5.6, 4.1 or 3.9 nm respectively from γ-Cys() Cα. Therefore the distances between Cys%" of IF " and either Asp$*% of β DP or β TP appear to be too short with respect to the distances measured in our experiments. The location of IF " on the surface of the β E subunit, but not on the surface of one of the other two homologous subunits β DP and β TP , might be explained if one considers the closer vicinity of both α TP to β TP and α DP to β DP with respect to α E and β E ; an effect that might be sterically unfavourable to the binding of IF " .
